In pursuit of this goal, frequency-domain measures of heart rate variability (HRV) have been proposed, enabling noninvasive quantification of the autonomic modulation of the heart rate (1, 2) . HRV metrics have been associated with changes in volume status (3, 4) and in the depth of anesthesia (5) , "inappropriate" vagal predominance has been associated with adverse outcomes in trauma patients (6) , and loss of HRV has been predictive of death in critically ill humans (7, 8) . The frequency-domain approach has also been criticized (9) . The results obtained are affected by the methodology used (10) ; data analysis assumes signal stationarity, a condition difficult to achieve; and the approach has not been designed to unveil the inherent dynamic properties of complex cardiovascular regulatory systems (11) . As pointed out by Goldberger and West (12) and Buchman (13) , physiologic systems exhibit marked signal variability, constantly change over time, and operate in nonlinear states.
In linear systems, the magnitude of response is proportionate to the strength of the stimulus. In a nonlinear system, by contrast, proportionality does not hold; the components of this system are coupled and interact, causing abrupt changes (14) . Such systems are better described by nonlinear statistics that determine the degree of regularity or irregularity in the system (15) .
Because frequency-domain methods assume system linearity, nonlinear statistical methods have increasingly been applied to HRV analysis (5, 7, 11, 16 -18) . Use of these methods is predicated on the concept that complexity is a fundamental characteristic of normal physiologic data such as the R-to-R interval (RRI) time series (16) , whereas loss thereof, or "decomplexification," is a feature of disease (12) and of impaired adaptation to physiologic stress (19) . For example, loss of RRI complexity as manifested by decreases in approximate entropy (ApEn), and alterations in fractal scaling properties, have both been identified with aging (19 -21) . Decrease of RRI fractal scaling was documented in heart failure and in Chagas' disease (22) ; was predictive of mortality after myocardial infarction (18, 23) and stroke (24) , as well as of ischemia after coronary artery bypass grafting (25) ; and distinguished subjects with coronary artery disease from healthy controls (17) .
Reports on the assessment of complexity during hypovolemia or hemorrhagic shock (HS) are scarce. Decreased ApEn following prolonged bed rest was associated with reduced tolerance to central hypovolemia induced by lower body negative pressure (LBNP) (26) . Decrease in the complexity of the HR but not of the blood pressure has been documented in healthy humans during orthostatic stress secondary to LBNP (3). Hemodialysisinduced hypotension decreased ApEn in patients with and without diabetes mellitus (27) . In dogs, Palazzolo et al. (28) identified a decrease in RRI ApEn and symbol dynamics entropy (SymDyn) secondary to hypotension.
The objective of this study was to determine whether loss of RRI and systolic arterial pressure (SAP) complexity is a characteristic of HS. We hypothesized that hemorrhage causes loss of complexity in these signals and that resuscitation restores it. Several different, but potentially complementary, nonlinear methods were used.
MATERIALS AND METHODS
This study was approved by the U.S. Army Institute of Surgical Research Animal Care and Use Committee and was carried out in accordance with the guidelines set forth by the Animal Welfare Act, other federal statutes and regulations, and the 1996 Guide for the Care and Use of Laboratory Animals of the National Research Council.
Animal Preparation. Twenty female Yorkshire pigs (hemorrhage group n ϭ 12, control group n ϭ 8) weighing 36.4 Ϯ 0.11 kg SEM were fasted for 24 hrs, anesthetized with a combination of isoflurane (0.62 Ϯ 0.04%) and intravenous ketamine (332.1 Ϯ 10.4 SEM g/ kg/hr) (Ketamine Hydrochloride, St. Joseph, MO), and volume-control ventilated with room air at a tidal volume of 10 mL/kg and respiratory rate of 12 per minute. Respiratory rate was adjusted at baseline to maintain normocapnia (PaCO 2 ϭ 35-45 mm Hg) and was kept constant throughout the study to standardize the effect of respiration on HRV (29, 30) . Bilateral surgical catheterizations of the carotid arteries and external jugular veins and a midline laparotomy and splenectomy (to preclude autoresuscitation during hemorrhage) were performed. Each animal received a bolus of lactated Ringers' solution (LR) equivalent to 1.5 times the spleen weight. Arterial blood pressure (ABP) was measured via the carotid line and was transduced (Transpac IV, Abbott, North Chicago, IL) at heart level. The heart rate was obtained from the electrocardiogram.
Experimental Protocol. After 1 hr of baseline stabilization, the experimental protocol was started (Table 1 ). In the hemorrhage group, blood was manually withdrawn via a syringe from the left carotid artery catheter during each of three 10-min bleeding periods at a constant rate of 1 mL/kg/min, for a total bleed of 30 mL/kg. This approximated a 45% hemorrhage. The blood was collected into commercial collection bags containing CPD anticoagulant (Terumo, Tokyo, Japan). Each bleed period was followed by a 15-min stabilization period. After the third bleed, the pigs were resuscitated with two times the shed blood volume of LR, followed by reinfusion of shed blood. LR resuscitation and blood reinfusion were performed with the 245 Ranger (Blood/Fluid) Warming System (Augustine Medical, Eden Prairie, MN). The animals were observed for 30 mins thereafter and then were killed by an overdose of sodium pentobarbital (Fatal-Plus, Dearborn, MI). Animals in the control group received a maintenance LR infusion at a 2 mL/kg/hr rate only.
Waveform Analysis. Electrocardiogram and ABP waveforms were continuously monitored throughout the experiment and recorded at 500 Hz for off-line analysis during discrete 15-min observation periods. This allowed us to do the analysis on relatively stable data sets collected during periods between interventions (i.e., episodes of blood withdrawal, resuscitation, or blood reinfusion). Six time points (baseline, after bleed 1, after bleed 2, after bleed 3, after LR resuscitation, and after blood reinfusion, Table  1 ) were analyzed for every subject. Next, 800beat data sets from within each 15-min waveform recording were imported into WinCPRS software (Absolute Aliens Oy, Turku, Finland). Eight hundred beats were selected because nonlinear statistics are sensitive to changes in the number of data points (especially ApEn). Automatic identification of R-waves was carried out by means of an isoelectric line-shift algorithm. We manually verified correct identification of R-waves by the software in every data set. Whenever possible, ectopic beats (EBs) were avoided by selecting an 800-beat section free from ectopy. When present, EBs were replaced by a linear interpolation function of the software. Of the 20 animals included in this study, EBs were identified at a few time points in ten of them. However, in most cases (eight of ten), only one EB was identified within the 800-beat segment analyzed, accounting for a 0.13% interpolation rate per 800 beats. In the remaining two of ten animals with EBs, three, 12, and 15 EBs were identified within three separate 800-beat segments, accounting for 0.38%, 1.5%, and 1.8% interpolation rates, respectively.
The software generated the instantaneous RRI and SAP time series. Before spectral calculations, signals were windowed with Hanning function and resampled with a five sample per second rate. The resampled signals were zeropadded to the next power of 2 before the FFT routine was used to calculate the power spectra. Next, the total power spectral density (TP, frequency range: 0.003-0.4 Hz), the low-frequency power (LFP; frequency range, 0.04 -0.15 Hz) and high-frequency power (HFP; frequency range, 0.15-0.4 Hz) components of the RRI and SAP spectra were calculated for each data set with baseline normalization. The LFP/HFP ratio of the RRI was taken as an index of sympathovagal balance (1, 2 
RESULTS
Study results are summarized in Table 2. In response to hemorrhage, the RRI decreased linearly, differed from controls after the second bleed, and was restored to control values by reinfusion of shed blood ( Table 2 and Fig. 1 ). SAP (Fig. 2 ) differed from controls after the first bleed and was restored by LR resuscitation.
The ApEn, SampEn, and SymDyn (Fig. 3A and 3B; Table 2 ) of the RRI all showed similar graphic appearance, decreased with hemorrhage, and were restored by resuscitation. An analogous trend was observed in FDCL ( Fig. 3C ), although these differences were not significant. RRI bits per word differed after the first and third bleeds ( Table   2 ). The values of fractal dimension by dispersion analysis were systematically lower in the hemorrhaged animals and differed from controls after the first bleed ( Table 2) . RRI Lempel-Ziv entropy did not change (data not shown). Changes in SAP ApEn, SampEn, SymDyn, Lempel-Ziv entropy, FDCL, fractal dimension by dispersion analysis, and bits per word were not significant and are not shown.
Spectral analysis revealed a significant decrease in RRI HFP (Fig. 4A) , which was reversed by resuscitation. SAP HFP increased with hemorrhage, differed between groups after bleed 2, and remained significantly increased until Table 2 . t-tests: *p ϭ .002; **p Ͻ .001; ***p ϭ .003. Baseline, baseline data collection; 10 mL, 20 mL, 30 mL, data collection after 10 mL, 20 mL, or 30 mL, respectively, of blood removed; Post-LR, after resuscitation with Ringers' lactate; Post-TX, after blood reinfusion; p*, p**, p***, and p †, levels of significance for values in the bleed vs. control groups at each time point by independent samples or Mann Whitney U tests; RRI, R-to-R interval; C, control group; B, bleed group; SAP, systolic arterial pressure; ApEn, approximate entropy; SampEn, sample entropy; SymDyn, symbol dynamics entropy; FDCL, fractal dimension by curve lengths; BPW, bit per word; FDDA, fractal dimension by dispersion analysis; HFP, high-frequency power; BRS, baroreflex sensitivity.
Data are mean Ϯ SEM.
blood reinfusion (Fig. 4B ). SAP TP increased in concert with the SAP HFP (data not shown). Changes in RRI LFP/ HFP ratio, RRI LFP, RRI TP, and SAP LFP were not significant (data not shown). BRS decreased with hemorrhage and was restored by resuscitation ( Fig. 4C ).
DISCUSSION
The principal finding of this study is that RRI complexity, as assessed by several complementary measures, decreases after controlled 30 mL/kg hemorrhage in anesthetized and mechanically ventilated swine. Loss of complexity occurred in as-sociation with decreases in vagal cardiac oscillations (as quantified by the RRI HFP) and in cardiovagal baroreflex sensitivity. All of these values were restored by resuscitation.
One of the most frequently used complexity measures was introduced by Pincus (31) and involves quantification of the degree of entropy in the system as an approximate measure of complexity. Hornero et al. (32) stated that ApEn is a robust approximate complexity metric of a signal that combines information on HRV and the number of signal harmonics and correlates with the signal-noise bandwidth. Another common complexity measure, SampEn, was introduced by Richman and Moorman (33) and is based on ApEn with a computational refinement (Appendix). In our study, ApEn and SampEn both decreased with HS and were restored with resuscitation. Previously, Palazzolo et al. (28) documented a decrease in ApEn secondary to hypotension in dogs. Using selective and combined blockade of the autonomic system branches, the authors showed that under various physiologic conditions (rest, standing, hypotension), entropy reflects the parasympathetic modulation of the heart rate (28) . In a study in healthy humans, Penttila et al. (34) found that vagal blockade decreased both the ApEn and the fractal scaling of the RRI. Similarly, in our study the decrease in various complexity measures was associated with evidence of vagal withdrawal.
The fractal dimension of the RRI time series is another complexity measure explored in this study. As measured by FDCL (Appendix), the RRI fractal dimension changed nonsignificantly, although in concert with the other complexity metrics. These results are similar to data presented by Kuusela et al. (11) , in which FDCL decreased along with ApEn secondary to terbutaline administration in humans. Also, West et al. (35) found a decline in RRI fractal dimension in subjects during central hypovolemia induced by LBNP.
The SymDyn and bits per word methods used here for quantifying complexity are computationally quite different from the ApEn and fractal methods (Appendix). Nevertheless, changes in these variables paralleled those of the entropy and fractal dimension. Palazzolo et al. (28) showed decreased SymDyn during rest, standing, and systemic hypotension in dogs as a function of vagal withdrawal. SymDyn was decreased by terbutaline infusion in humans (11) most likely due to decreases in parasympathetic cardiovascular regulation (36) .
In contrast to the RRI metrics, measures of SAP complexity did not change in our study-yielding results similar to those of Butler et al. (3) , who identified a decrease in RRI but not in ABP complexity in healthy humans during LBNP assessed by detrended fluctuations. As suggested by Kuusela et al. (11) , the RRI and SAP may have different underlying dynamic structures, with the former being more complex and the latter more regular and much simpler then the regulation of the heart rate.
Frequency-domain HRV analyses have been extensively applied to critically ill humans and have yielded important findings.
Goldstein et al. (7) found that illness severity scores correlated inversely with LFP and HFP of the RRI in critically ill and injured pediatric patients. The same group also differentiated brain-dead and non-brain-dead pediatric patients with severe brain injury using HRV analysis (37). Winchell and Hoyt (8) found that low sympathetic activity relative to vagal activity predicted death in ICU patients, whereas sympathetic predominance was associated with survival. Cooke et al. (6) applied HRV analysis to trauma patients during prehospital transport. Death was predicted by parasympathetic predominance.
In contrast with the previously mentioned studies in which relative vagal predominance predicted mortality, the decrease in RRI HFP observed in our nonlethal study suggests that progressive, compensatory cardiac parasympathetic withdrawal occurred in response to HS. Previously, Kawase et al. (38) found that both LFP and HFP decreased with progressive blood loss in anesthetized, mechanically ventilated dogs. Similarly, Butler et al. (3) documented cardiac parasympathetic withdrawal and sympathetic stimulation secondary to LBNP in humans. Triedman et al. (39) also established a significant decrease in vagal modulation of the heart in humans during blood donations.
Lack of significance in the changes in LFP/HFP ratio in our study may reflect the effects of anesthesia on HRV, which alters sympathetic compensation for HS (5, 40, 41) . In our study, integrated baroreflex sensitivity decreased with progression of HS and was reversed with resuscitation. The changes in the BRS that we observed are similar to those reported by Iwasaki et al. (42) in humans subjected to head-down tilt, in which a decrease in BRS paralleled the decrease in RRI HFP. Loss of HRV complexity in our study was associated with a decrease in vagal input to the heart, likely a normal, compensatory response to hypovolemia. However, we cannot exclude the possibility that loss of complexity at lower blood pressures may also represent ischemia-induced uncoupling of cardiovascular and autonomic regulation (43) and impairment of efferent neuronal input to the heart and lungs (32, 44, 45) . Because brain injury has also been characterized by decomplexification and low HF and LF powers (7) , more data are needed to enable discrimination of brain-injured and HS patients. More data would also be needed to determine the sensitivity and specificity of these new diagnostic measures.
We also found increases in SAP HFP during HS. Julien et al. (46) suggested that respiratory-frequency oscillations (HFP) in arterial pressure involve fluctuations in beat-to-beat stroke volume of mechanical origin. ABP oscillations were found to be mainly caused by the mechanical effect of respiration on intrathoracic pressure. As shown by Saul et al. (47) and deBoer et al. (48) , the effect of intrathoracic pressure on stroke volume, in turn, is enhanced by hypovolemia. Autonomic regulation of the HR may also cause vagally mediated changes in the SAP HFP (47) .
As shown by Brown et al. (29) , breathing frequency and depth are known to influence HRV profoundly and should be controlled in HRV studies. Because our animals were breathing at a set rate and depth, the influence of lung inflation on RRI responses was constant throughout the experiment. Thus, we can attribute the changes in complexity in this experiment to autonomic rather than mechanical sources (30) . Changes in heart rate complexity might be different in patients who are not mechanically ventilated.
A limiting factor affecting HRV metrics is the nonstationarity of the signal. For a stationary time series, the average value of the mean and the SD do not vary with time (15) . Signals that do not obey this condition are considered nonstationary.
Nonstationarity affects frequency-domain variables more than it does nonlinear variables. The latter are not immune to the effects of signal nonstationarity (especially fractal scaling). However, some of themespecially the entropy-based measuresquantify statistical order, as they were designed for quantification of regularity in both deterministic and stochastic models (15) . New methods not explored in the present study, such as detrended fluctuation analysis that quantifies changes in short-and long-scale components of data sets (49) , may be more advantageous for analysis of nonstationary signals.
In an effort to minimize the influence of nonstationarity on the data sets analyzed in this study, instead of continuous data sampling during protocol interventions we chose to analyze waveforms retrieved from periods of time between interventions during which the data were as stable as possible. However, the potential effect of signal nonstationarity on our results cannot be discounted, and our data should be interpreted with caution.
The presence of ectopic beats may alter the results of HRV analysis. Our highest rates of interpolation were 1.5% and 1.8% (in two data sets of 120 analyzed); thus, we believe that the minimal editing of the ectopic beats performed in our study did not significantly affect our results.
Currently, techniques are sought that enable early identification of subjects with "survivable" or "nonsurvivable" injuries, enabling distant decision support and increased situational awareness in mass-casualty or battlefield settings, a concept known as remote triage. Assessment of HRV with nonlinear statistical methods may be one such technique. By providing insight into the underlying control mechanisms at work during hemorrhagic shock, it is possible that HRV analysis may augment the information obtained from traditional vital signs such as the pulse and blood pressure. However, studies in human trauma patients are needed and are ongoing. Continuous data analysis with sliding time windows for both spectral and nonlinear analysis (not employed in our study) may help clarify whether and at what point HRV variables may be superior to traditional vital signs.
CONCLUSIONS
This study in anesthetized swine supports the concept that RRI complexity is decreased by hemorrhagic shock. Several complementary measures of complexity were noted to change with shock, to include ApEn, SampEn, and SymDyn. Changes in FDCL were similar but not significant. These alterations in the complexity of the RRI may be mediated by vagal withdrawal, as evidenced by concomitant decreases in RRI HFP and in integrated baroreflex sensitivity. These techniques are now being applied to the analysis of heart rate variability in trauma and burn patients.
